[1] This paper presents new magmatic helium isotopic compositions in a suite of lavas from phase II of the Hawaiian Scientific Drilling Project (HSDP2) core, which sampled Mauna Kea volcano to a maximum depth of 3098 m below sea level. Most of the measurements were performed by in vacuo crushing of olivine phenocrysts, but include submarine pillow glasses from the 2200 to 2500 meter depth interval, and orthopyroxene phenocrysts from an intrusive at 1880 m. The magmatic 3 He/ 4 He ratios range from 6 to 24.7 times atmospheric (Ra), which significantly extends the range of values for Mauna Kea volcano. The 3 He/ 4 He ratios are lowest (i.e., close to MORB values of $8 Ra) near the top of the Mauna Kea section and rise slowly, to 10-12 Ra, at 1000 m below sea level, consistent with results from the HSDP1 core. At depths greater than 1000 m in the core, primarily in the submarine lavas, there are brief periods when the 3 He/ 4 He ratios are higher than 14.5 Ra, always returning to a baseline value. Twelve such excursions were identified in the core; all but one are in the submarine section, and most (7) Nd, Zr/Nb, and SiO 2 . The correlations with major elements, trace elements and isotopes demonstrate that helium is coupled to the other geochemical variations, and that the Mauna Kea isotopic variability is caused by heterogeneities within the upwelling plume.
Introduction
[2] The Wilson-Morgan plume hypothesis, formulated as an explanation for intraplate oceanic volcanoes [Wilson, 1963; Morgan, 1971] , has had tremendous impact on models of the Earth's interior. It implies that large time-transgressive volcanic provinces such as the Hawaiian islands ( Figure 1 ) are produced by upwelling hot material, possibly from the lower mantle. Helium isotopes are important tracers of mantle components because the early Earth had very high 3 He/ 4 He ratios (i.e., greater than the present-day sun, or >100 times atmospheric, Ra) and, by inference, high He/(Th + U) ratios. Hawaiian volcanoes have some of the highest oceanic 3 He/ 4 He ratios, and also the largest documented variations within single volcanoes [e.g., Kurz et al., 1983 Kurz et al., , 1995 Mukhopadhyay et al., 2003] . High 3 He/ 4 He ratios in the present-day Earth would indicate preservation of mantle reservoirs via high time-integrated He/(Th + U) ratios in the mantle. Because helium is so volatile, and behaves as an incompatible element, the most common assumption is that degassing near the Earth's surface is the dominant control on He/(Th + U) ratios. Therefore the ''standard model'' for helium is that high 3 He/ 4 He ratios indicate undegassed mantle reservoirs that retain some of their original helium, at least relative to the upper mantle [e.g., Kurz et al., 1982; Allegre et al., 1983; Kurz and Geist, 1999; Farley et al., 1992; Farley and Neroda, 1998 ]. This is a crucial aspect to geodynamic Earth models, because geochemical and geophysical data have increasingly been interpreted in terms of whole mantle convection and recycling of ocean crust into the deep mantle [e.g., Hofmann, 1997; van der Hilst and Karason, 1999] . Thus helium isotopes provide one argument for storage of undegassed material deep in the Earth.
[3] There are other possible explanations for high 3 He/ 4 He ratios [Anderson, 1998a [Anderson, , 1998b Albarède, 1998 ]. If helium is even slightly more compatible during melting than Th and U, silicate melting could leave behind a residue with high He/ (Th + U) which could also yield high 3 He/ 4 He ratios, but only if the melting occurred early in Earth history. In this case, high 3 He/ 4 He ratios would indicate ancient depleted mantle, rather than undegassed mantle. Another variation on this idea is that helium could be stored for long periods of time in ancient lithosphere, and then retapped by ocean island volcanism. Kurz and Geist [1999] used correlations between helium, major elements, trace elements, and the isotopes of Sr, Nd, and Pb to argue against these possibilities. The HSDP2 core provides an ideal testing ground for these hypotheses, and for relationships between helium and other isotopes, due to its unusual depth and stratigraphic resolution, and the extensive suite of measurements on the same samples.
[4] The highest Hawaiian 3 He/ 4 He ratios are found at Loihi Seamount off the southern coast of Hawaii Valbracht et al., 1996] , which is believed to represent the earliest stage of Hawaiian shield building [Claque and Dalrymple, 1989; Moore and Clague, 1992] . This is consistent with the plume model for Hawaiian volcanism, assuming that high 3 He/ 4 He ratios are indicative of plume influence, and that the high 3 He/ 4 He signal diminishes, and approaches the normal mantle value (as indicated by He/ 4 He ratios), once the volcanoes are pushed off the hot spot. This hypothesis is supported by stratigraphic studies of Hawaiian volcanoes, where the highest 3 He/ 4 He ratios are always found in the oldest shield building tholeiites. At Haleakala volcano, 3 He/ 4 He ratios are roughly 16-20 Ra in the tholeiites and close to typical MORB value (8 Ra) in the post-shield alkali basalts [Kurz et al., 1987] . At Mauna Loa volcano, which has erupted tholeiites throughout its known history, 3 He/ 4
He ratios vary from $14-20 Ra in lavas older than 30 Ka, to 3 He/ 4 He ratios close to the MORB value ($8 Ra) in the historical lavas. The Mauna Loa temporal evolution is unique in displaying a transition at $10 Ka ( [Kurz and Kammer, 1991; Kurz et al., 1995] , with a timescale provided by 14 C dated lava flows. Kurz et al. [1995] suggested that the entire Mauna Loa shield older than 10 Ka is characterized by higher 3 He/ 4 He and inferred that this characteristic represented the bulk of the upwelling mantle. DePaolo et al. [2001] argued that the Mauna Loa shield is highly variable isotopically based on samples from the Mauna Loa section of the HSDP1 drill core.
[5] Helium isotopic studies on Mauna Kea lavas from the first phase of the HSDP (referred to here as HSDP1) are generally consistent with results from other Hawaiian volcanoes. 3 He/ 4 He ratios increase from $6 -8 Ra (or close to MORB values) in the top of the Mauna Kea section of the drill core to $12.4 Ra at 1000 m below sea level [Kurz et al., 1996] . As with Mauna Loa and Haleakala, the higher 3 He/ 4 He ratios suggest a greater plume contribution to the older shield lavas. However, even the highest 3 He/ 4 He ratio of 12.4 Ra in the deepest HSDP1 lavas (at 1000 m depth) is significantly lower than those found in some other Hawaiian shields. Kurz et al. [1996] suggested that this relates to a concentrically zoned Hawaiian plume, with the present-day plume center near Loihi seamount, in the Loa volcanic chain, and that Kea trend volcanoes (i.e., Mauna Kea, Kilauea) are farther removed from the plume center. (See Figure 1 for 
Experimental Details

Samples
[6] Numerous studies have shown that olivine phenocrysts in oceanic basalts retain magmatic helium, which is held within melt inclusions (e.g., Kurz, 1993; Kurz et al., 1996) . Crushing and melting experiments from the HSDP1 core showed that more than 80% of the magmatic helium in olivine is released by crushing [Kurz et al., 1996] . Diffusion rates in olivine are sufficiently slow that helium loss is insignificant after cooling below the closure temperature [Hart, 1984a; Trull and Kurz, 1993] . Because of these considerations, and because olivine is relatively common in the HSDP2 core, most of the measurements reported here were obtained by crushing of olivine phenocrysts in vacuo; Tables 1 and 2 provide a summary  of the  3 He/   4 He ratios as a function of depth. In one lava flow (SR714) orthopyroxene phenocrysts were identified, and it was possible to measure coexisting olivine and orthopyroxene from the same sample (see Table 3 ), which is relatively rare in oceanic basalts. Most of the samples are from the widely distributed HSDP2 reference suite that was intended to characterize the core, maximizing overlap with other geochemical measurements. Additional samples were collected in key intervals to obtain higher resolution, in an attempt to determine the duration of the prominent 3 He/ 4 He excursions (see Table 1 ). The data reported here complement the helium and neon data of Althaus et al. [2003] which were obtained from a different suite of HSDP2 samples.
[7] In some intervals of the core, it was not possible to recover olivine or clinopyroxene phenocrysts for the helium isotopic measurements. The depth interval between 2200 and 2500 m is characterized by undegassed aphyric pillow lavas with consistently low SiO 2 contents (E. Stolper, S. Sherman, M. Garcia, M. Baker, and C. Seaman, Glass in the submarine section of the HSDP2 drill core, Hilo, Hawaii, manuscript submitted to Geochemisty, Geophysics, Geosystems, 2004, hereinafter referred to as Stolper et al., submitted manuscript, 2004; C. Seaman, S. Sherman, M. O. Garcia, M. Baker, and E. Stolper, Volatiles in glasses from the HSDP2 drill core, manuscript submitted, Geochemisty, Geophysical, Geosystems, 2003, hereinafter referred to as Seaman et al., submitted manuscript, 2003) . For this important depth interval, submarine glasses were analyzed in an attempt to characterize the helium isotopic compositions and also to evaluate the suitability of drilled glasses for noble gas measurements. Undegassed submarine glasses are generally ideal for noble gas measurements because they often have significantly higher concentration than phenocrysts. Volatile measurements in the HSDP2 glasses suggest that the hyaloclastites are extensively degassed (Seaman et al., submitted manuscript, 2003; Stolper et al., submitted manuscript, 2004) , potentially at shallow eruption depths; for this reason only glassy pillow lavas were selected for the helium measurements. It is well known that most of the helium in submarine glasses resides within vesicles, and the helium was extracted from the glasses by crushing in vacuo. In order to assess the importance of radiogenic and atmospheric contributions, helium was extracted from the glasses by melting of the powder remaining from crushing. The helium isotopic data from the HSDP pillow glasses are presented in Table 2 , and dem- He ratios. The helium concentrations are so low in some of the glasses that they are likely influenced by both radiogenic and atmospheric components, and, as discussed further below, only glass measurements with helium concentrations higher than 10 À8 ccSTP/gram are considered to reflect the magmatic helium isotopic compositions.
[8] The phenocrysts and glasses were hand-picked from crushed, sieved, fractions of the lavas, from the 0.5 to 1, 1-2, and greater than 2 millimeter size fractions (see Tables 1 and 3 ). In order to extract helium from intact vesicles, which are often up to 1 millimeter in size, all the glass samples were greater than 2 mm in size. In many cases the amount of olivine available was limited and it was necessary to combine several grain sizes to obtain enough material for a reasonably precise helium isotopic measurement (see Table 1 ). Because the procedure of utilizing different grain sizes for different samples introduces a potential bias, an effort was made to evaluate the grain size dependence on the helium isotopic data; grain size experiments were performed on several samples having high enough phenocryst content. The results of the olivine grain size dependence experiments are presented in Table 3 and discussed in the Appendix A.
Mass Spectrometry
[9] All helium measurements were carried out at Woods Hole Oceanographic Institution using an automated, dual collection, statically operated helium isotope mass spectrometer with a Nier-type ion source. The ). The 4 He blanks during the course of the study were between 4 and 6.7 Â 10 À11 cm 3 (STP) which was small relative to the gas released from the samples. Continuous automated operation allows numerous standards and blanks to be run along with the samples. During the course of a single day, the air standards are typically reproducible to better than 0.5% on 4 He peak height and 1.5% on the isotopic composition (standard deviation from the mean of $15 stand- He) and contributes uncertainty only for low concentration samples. The helium contents in the mineral and glass samples varied widely, between 3 Â 10 À11 to 3 Â 10 À7 cc STP 4 He/gram; the blank corrections are variable in size, but are always less than 10% for the crushing measurements. Measurement uncertainties are not individually tabulated for the helium concentration measurements, but are typically within 1 -2% for the higher concentrations, and always less than 10%.
[10] The duplicates and grain size experiments in Table 3 show that the reproducibility of both helium concentration and 3 He/ 4
He ratios is generally beyond the estimated uncertainties on individual determinations. As discussed below, this is believed to reflect natural variability within the populations of Mauna Kea phenocrysts. Note that the variability within single samples, or between different grain sizes of a single sample, is small compared to the overall isotopic variability in the entire data set. Repeated measurements of an internal WHOI standard, MORB glass Alv892-1, provides an estimate of reproducibility and overall system performance, and demonstrates that the variability in the samples is not related to instrument performance. Aliquots of the MORB standard, run routinely with the samples, yielded good agreement with previous determinations, with a standard deviation of 3% in 4 He concentration and 1% in 3 He/ 4 He ratios (over the course of the one year period when most of these measurements were made, n = 36). Concentrations were pre-measured using a quadrupole mass spectrometer to control the quantity of gas inlet to the mass spectrometer which minimizes memory effects within the mass spectrometer. Memory effects within the extraction line and mass spectrometer are known to be negligible due to the reproducibility of the samples, standards, and blanks.
3. Magmatic Helium Measurements in the HSDP2 Core 3.1. Overview He ratios as a function of depth, with the major lithologic boundaries also indicated Stolper et al., submitted manuscript, 2004] . This diagram includes olivine and selected pillow glass measurements that are believed to reflect magmatic 3 He/ 4 He ratios. Results from the HSDP1 core showed that small amounts of radiogenic and cosmogenic helium can be present in these lavas, but that crushing of olivines is a robust way of determining magmatic helium isotopic compositions [Kurz et al., 1996] . The transition between Mauna Loa and Mauna Kea lavas is obvious in the helium-depth plot, at roughly 250 m below sea level, because Mauna Loa shield lavas older than He decreases from 13-17 Ra in the older lavas to $8-10 Ra in the youngest lavas [Kurz and Kammer, 1991; Kurz et al., 1996; DePaolo et al., 2001] .
[12] The Mauna Kea data from the HSDP1 pilot core (black dots in Figure 2 ) are in reasonable agreement with the new HSDP2 data. In the top 1000 m of the Mauna Kea section, 3 He/ 4 He ratios gradually increase with depth, with the highest values of $12 Ra near 1000 m. This was previously interpreted as an increasing contribution from the hot spot as a function of depth and age [Kurz et al., 1996] . A notable disagreement between the two data sets is the excursion to high 3 He/ 4 He ratios, up to 16.1 Ra, at 834 m (SR0354-7.75), in the HSDP2 data. (Huang and Frey [2003] noted that sample SR0354-7.75, with high 3 He/ 4 He at 834 m, is also characterized by low SiO2, and is important because it is the youngest lava with this distinctive feature.) This may be explained by the improved resolution of the HSDP2 data, or that different lavas were sampled by the two different drill cores, which are He as a function of depth (meters below sea level) in the HSDP core, see Table 1 . The helium isotopic results from the pilot core (which reached a depth of 1050 m; data from Kurz et al. [1996] ) are shown as solid black symbols, and the Mauna Loa lavas are shown as blue symbols. Note that the 3 He/ 4
He ratios increase with depth, and that there are excursions to significantly higher 2002GC000439 approximately 2 km apart. Although individual flows have been correlated between the two cores (R177 and SR131 [Huang and Frey, 2003] ), Blichert-Toft et al.
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[2003] also found isotopic differences between the two drill cores, suggesting that slightly different lava sequences were sampled.
[13] Below 1060 m, where the lavas were erupted in a submarine environment, and hyaloclastite and pillows coexist, the HSDP2 core is characterized by a number of excursions or ''spikes'' in 3 He/ 4 He. The highest value, of 24.8 Ra, is found in one of these excursions near 2400 m depth, and is the highest value yet reported for Mauna Kea. Eleven of the twelve helium ''spikes'' occur in the submarine section of the core, the exception being the excursion at 830 m. The 3 He/ 4 He ratios always return to a significantly lower ''baseline'' value after an excursion; this baseline appears to be slightly higher between 2000 and 3000 m, i.e., 12 to 14 Ra, as opposed to 10 to 12 Ra at 1000 m. The helium ''spikes'' at various intervals deep in the core have not previously been observed and are a unique feature of the HSDP2 core. Note that the transition from high to low 3 He/ 4
He occurs within a single unit in at least one case (SR532, unit 198).
[14] Although most of the material sampled by the HSDP2 core are extrusive subaerial lava flows, submarine pillow lavas, and hyaloclastites, some of the units deep in the core may be intrusive. They are found only in the submarine section, at depths greater than 1880 m (see Table  1 and the lithologic summary Stolper et al., submitted manuscript, 2004] ), and have been identified by sharp lithology contrasts and glassy contacts on both sides. Some of the helium data reported in Table 1, including the  two deepest high  3 He/   4 He spikes, were obtained from units classified as intrusive units. This is potentially important to the interpretation because, if they are intrusive, they are not in stratigraphic order.
[15] The helium concentrations, obtained by crushing the olivines in vacuo, range between 10 À9 and 10 À7 cc STP/gram which is typical for olivine phenocrysts. There does not appear to be any systematic relationship between helium concentration in the olivines and depth or isotopic composition. Because of the variable olivine content of the core, and the limited amount of material available from each depth, the helium measurements were sometimes performed on different olivine size fractions (0.5-1 mm, 1-2 mm, and >2 mm). In order to evaluate the influence of variable grain size on the isotopic data, a set of duplicate measurements were performed on different grain size olivines from selected samples. The results of these experiments, shown in He ratio samples have a range of 0.2 to 0.9 R a between grain sizes. The helium concentrations in the olivine phenocrysts do not have any simple grain size dependence. It is not presently possible to distinguish between diffusive olivine reequilibration and trapping of different melt inclusion populations as the explanation for the helium isotopic variability with grain size. Either scenario would imply that the Mauna Kea magmatic system was changing rapidly, which is consistent with the rapid 3 He/ 4
He variability found in the down-core record. See appendix for further discussion.
Helium in HSDP2 Pillow Glasses
[16] Because of the relative rarity of olivine phenocrysts in the important 2200 to 2500 meter depth interval, helium measurements were performed on submarine pillow glasses for these samples. Basaltic glass has a significantly higher helium diffusivity than olivine [e.g., Kurz and Jenkins, 1981; Trull and Kurz, 1993] and significantly higher Th and U contents, so glasses can be susceptible to degassing and contamination from atmospheric or radiogenic helium. Even though submarine glasses can also have higher helium concentrations than phenocrysts, pre-eruptive and syn-eruptive degassing can lead to huge variations He ratios in these samples probably represent the magmatic isotopic compositions. Pillow glass sample SR826 from 2400 m has the highest 3 He/ 4 He ratio, of 24.8 Ra, in the entire core. Even these glass samples, with the most helium, have concentrations more than ten times lower than MORB glasses. Volatile studies show that the HSDP2 pillow glasses have been variably outgassed (Stolper et al., submitted manuscript, 2004; Seaman et al., submitted manuscript, 2003) . The glasses in Table 2 were selected for proximity in the core to ''undegassed'' pillow glass, based on the data and classification scheme of Seaman et al. (submitted manuscript, 2003) . Unfortunately, we do not have volatile measurements on the same samples, but the low concentrations suggest extensive helium loss even in relatively undegassed sections of the HSDP2 core.
[17] The helium concentrations in most of the glass samples are sufficiently low (i.e., less than 10 À7 cc/ gram) that the glass 3 He/ 4
He ratios must be viewed as lower limits, due to the possible contributions from atmospheric and radiogenic helium, both of which would lower 3 He/ 4
He ratios. The presence of atmospheric or radiogenic helium in the glasses is confirmed by the melting measurements ( He ratios that are lower than the coexisting olivines, and lower than 6 to 8 Ra, the probable lower limit for Mauna Kea, which suggests that many of the glass isotopic compositions are influenced by radiogenic and/ or atmospheric contamination. Samples with higher helium concentrations (greater than 10 À8 ccSTP/gram) are less likely to be influenced by such contamination processes, and only five of the glass 3 He/ 4 He ratios are included in the magmatic depth profile (see Tables 1 and 2 ).
Helium in Orthopyroxene Phenocrysts
[18] Orthopyroxene phenocrysts were found in one of the reference suite intrusives (SR714-11.55). Because orthopyroxene is not a common phenocryst phase in oceanic basalts, helium was measured (by crushing and melting) in both olivine and orthopyroxene phenocrysts from this sample, in order to evaluate the olivine/orthopyroxene partitioning (Table 3 ). The magmatic (crushing) helium concentrations and isotopic composition of SR714 orthopyroxene are both significantly lower than the coexisting olivine (1.08 Â 10 À9 cc STP/gram and 8.85 Ra, compared to 1.12 Â 10 À8 cc STP/gram and 11.8 Ra, respectively). The difference in isotopic composition may reflect crystallization of the olivine and orthopyroxene from different magmas, or radiogenic contributions. The electron microprobe data (Table 4) suggests that that the olivines and orthopyroxenes are out of equilibrium, because the Fe/Mg K d (Ol/Opx) is significantly lower than expected (i.e., $0.6, as opposed to >1.0 [Kinzler and Grove, 1992] He ratio to correct for radiogenic helium in the melted powder yields a magmatic 4 He content in the orthopyroxene of 3.4 Â 10 À9 , which is roughly 50 times lower than the olivine powder 4 He content. Taken at face value, this would imply that the crystal/melt helium partition coefficient is 50 times lower for orthopyroxene than for olivine. This calculation assumes that the orthopyroxene and olivine equilibrated with similar melts, ignores the possible influence of melt inclusions for determining phenocryst helium abundances, and must be viewed as preliminary.
[19] The orthopyroxene helium measurement is also noteworthy because the lower 3 He/ 4 He ratios, obtained by melting, imply that orthopyroxene might be used to determine emplacement ages. Unfortunately, the Th and U content of the orthopyroxenes are not well known. On the basis of the W. D. Sharp et al. (manuscript in preparation, 2003) age model, this section of the core is approximately 490 Ka in age. Using this age, and the helium isotopic disequilibrium to calculate radiogenic helium, the thorium and uranium contents of the orthopyroxene would be approximately 0.02 ppm. This is significantly higher than would be predicted from the measured Th and U contents of SR714 (0.96 and 0.29 ppm, respectively [Huang and Frey, 2003] ) and the highest literature values (i.e., maximum values) for the orthopyroxene/melt Th and U partition coefficients ($3 Â 10 À3 and 8 Â 10 À3 respectively [Blundy and Wood, 2003] ); this could be explained by a small amount of groundmass Th and U adhering to the phenocrysts. Nevertheless, the measurements suggest that orthopyroxene could be used for independent age determinations.
Discussion
Upper Mauna Kea Lavas
[20] Relatively low 3 He/ 4 He ratios were observed at the top of the Mauna Kea section in the HSDP1 core [Kurz et al., 1996] . The new HSDP2 data show a similar trend and agree reasonably well with the pilot core, with 3 He/ 4 He ratios as low as 6 times atmospheric near the Mauna Kea-Mauna Loa transition. As illustrated by Figure 3, [Wang et al., 2003; Huang and Frey, 2003; Feigenson et al., 2003; Rhodes and Vollinger, 2004] . Huang and Frey [2003] distinguished the subaerial Mauna Kea lavas having low SiO 2 from those deeper in the core. This distinction is well documented in Figures 8-9 , which show that in the top 1000 m, low SiO 2 values (and also low Zr/ Nb) are associated with low 3 He/ 4 He. In contrast, deeper in the core low SiO 2 (and low Zr/Nb) contents are associated with higher 3 He/ 4 He ratios. The high Sm/Yb has been interpreted as resulting from low degrees of melting in the presence of residual garnet [Huang and Frey, 2003; Feigenson et al., 2003] . The low SiO 2 content in the subaerial Mauna Kea ''post shield'' lavas may be a melting effect and those from the submarine lavas may be related to source heterogeneities [Huang and Frey, 2003] . The low 3 He/ 4 He ratios overlap with MORB values, which most likely reflects ambient mantle contributions (as opposed to the plume), when plume influence was waning.
[21] Low d
18 O values are unique to the subaerial Mauna Kea ($4.8 per mil, compared to 5.1 for submarine), and are roughly correlated with low 3 He/ 4 He ratios, which may relate to interaction with seawater altered crust or lithosphere [Wang et al., 2003] . However, helium is among the least sensitive indicators of crust and seawater interactions because there is so little helium in the hydrosphere, and because it is difficult to inject seawater helium into a magma. It is unlikely that the relatively low 3 He/ 4 He ratios found near the top of the HSDP2 core reflect the direct influence of atmospheric helium, because they are so consistently close to MORB values. Values lower than MORB would be expected if this were an important process for helium (see for example low values obtained by melting of glass powders in Table 2 ). If the low Sm/Yb indicates greater depth of melting [Huang and Frey, 2003; Feigenson et al., 2003] 
Relationships Between Helium Isotopes and Other Geochemical Parameters in Mauna Kea
[22] Most of the helium isotopic variability is found in the submarine Mauna Kea lavas, which dominate the correlations between helium isotopes and the other isotope systems. The largest neodymium isotopic variations are observed deeper in the core and low 143 Nd/ 144 Nd values are associated with the highest 3 He/ 4 He ratios (see Figure 3) . The negative correlation between helium and neodymium isotopic variations suggest that there are changes in mantle sources, and that there is mixing between melts. Sr in the HSDP2 core shows a very small range, from0.7035 to 0.70369 (J. G. Bryce and D. J. DePaolo, manuscript in preparation, 2003) . For the purposes of interpreting the helium data, it is noteworthy that these values are significantly higher than normal MORB values ($0.7022 to 0.7028), and that the variations are not as well correlated with helium as Nd isotopes. However, between depths of 1800 and 2500 m in the core the Sr and He isotopic variations appear to correlate, with high 3 He/ 4 He ratios associated with elevated 87 Sr/ 86 Sr (see Figure 4) . Figure 5 shows the Sr-Nd-He isotopic data from the HSDP2 core with respect to the other volcanoes on the island of Hawaii. The relatively small range in Sr and Nd isotopic data is apparent, but there is overlap with values from Loihi seamount. [Kurz and Kammer, 1991; Kurz et al., 1995] , Loihi Seamount [Kurz et al., 1982 Staudigel et al., 1984] ; Hualalai [Kurz, 1993, and Kurz, unpublished data, 2002) ; Kilauea, unpublished data this laboratory, and Kohala [Graham et al., 1990] He ratios, which has been used to argue that it best represents the center of the plume [e.g., Kurz et al., 1983 Kurz et al., , 1995 Kurz et al., , 1996 . The Sr and Nd isotopic data are consistent with this hypothesis because they define a trend that could result from mixing with a plume ''end-member'' having Loihi characteristics. It is noteworthy that the Mauna Kea data display a slightly larger helium isotopic variability than Mauna Loa, but a significantly smaller Sr and Nd isotopic variability. This comparison is hampered by the variable timescales for the different Hawaiian volcanoe data sets. For example, most of the Mauna Loa isotopic variability is observed in samples that are less than 20 Ka in age, based on 14 C chronology. Pb ratios. This is illustrated in Figure 6 which shows the delta 208 Pb is calculated relative to the northern hemisphere reference line [Hart, 1984b] , which also passes through the Hawaiian data. He ratios are associated with relatively high time-integrated Th/U ratios. Eiler et al. [1998] previously noted a correlation between data support this and also define a linear trend with Loihi seamount as possible mixing end-member (see Figures 5 and 6 ).
[25] The high 3 He/ 4 He ratio excursions in the core are also seen in major and trace elements, as illustrated here for silica and Zr/Nb (Figures 7  and 8) , and discussed elsewhere [Huang and Frey, 2003; Rhodes and Vollinger, 2004] . As with the Pb isotopes, we use a delta SiO 2 parameter. Delta SiO 2 is defined by deviation from a linear regression through a plot of MgO versus SiO 2 , with subaerial Mauna Kea as a reference. Delta SiO 2 values of zero are on the subaerial reference line, negative values have lower SiO 2 for a particular MgO and positive values have higher SiO 2 for a particular MgO (see Rhodes and Vollinger [2004] for a MgO versus SiO 2 plot). As discussed above (and in Huang and Frey [2003] and Rhodes and Vollinger [2004] ), there are two distinct low SiO 2 trends in the core. Near the top of the Mauna Kea section low SiO 2 contents are associated with relatively low 3 He/ 4 He ratios (i.e., close to the MORB values). In the submarine section of the HSDP2 core, low SiO 2 are associated with high 3 He/ 4 He ratios. The relationship between helium and Zr/Nb also varies with depth. In the submarine lavas, high 3 He/ 4 He ratios are associated with low Zr/Nb, whereas in the top of the HSDP2 core the lowest 3 He/ 4 He are associated with low Zr/Nb. Huang and Frey [2003] attribute the low Zr/Nb in the top of the core to low degree of partial melting.
[26] The ''spikes'' in helium isotopic composition are reflected in the isotopic, major element, and trace element composition of the HSDP2 lava flows [Huang and Frey, 2003; Rhodes and Vollinger, 2004] . As illustrated in Figures 3-8 He ratios as an indication of less degassed mantle, and the spikes would therefore reflect an influx of magma from the center of the Hawaiian plume. The excellent resolution of the HSDP2 core allows estimation of the spike duration, which can be used to constrain magmatic volumes [e.g., Albarède, 1993; Pietruszka and Garcia, 1999a] . Ar-Ar determinations (W. D. Sharp et al., manuscript in preparation, 2003) provide several ages as a function of depth in the HSDP2 core. It is important to note that the age depth model derived from these Ar-Ar dates is speculative in several respects. There are a number of Ar-Ar dates in the top of the core, where higher K contents make the measurements more robust, but the age-depth model rests heavily on a few age determinations near the base of the core (W. D. Sharp et al., manuscript in preparation, 2003) . The age depth model also explicitly assumes steady state, non-episodic, eruption rates, which is unlikely over such a long timescale. The occurrence of intrusive units is an obvious problem for the age model. These considerations make the shortest timescales the most uncertain.
[28] Figure 9 shows the HSDP2 Mauna Kea helium data plotted as a function of model age (compare to Figure 2 , which has depth as the y axis). Despite the uncertainties in the age model, a number of important and robust generalizations emerge. First, it is obvious that all of the high 3 He/ 4 He spikes occur in Mauna Kea lavas that are older than 380 Ka. The youngest lavas in the Mauna Kea section are $200 Ka (before present) in age, so the final 100 Ka of Mauna Kea eruptions (i.e., 200-300 Ka before present; see Figure 9) had He ratio (red symbols, axis at bottom) compared to delta SiO 2 (blue symbols, axis on top). Delta SiO 2 is calculated as deviation from the subaerial Mauna Kea trend on a MgO -SiO 2 diagram, so negative values imply lower amounts of SiO 2 for a given MgO. SiO 2 data are from Rhodes and Vollinger [2004] . He/ 4 He ratios, close to the MORB value. For the 100 Ka prior to that (300-400 Ka before present) the 3 He/ 4 He ratios are slightly higher for the oldest flows, up to roughly 10-11 Ra at 400 Ka, which is consistent with the HSDP1 data [Kurz et al., 1996] . However, the prominent 3 He/ 4 He spikes are only found in HSDP2 lavas older than 400 Ka in age.
[29] Figure 9 also shows previously published helium data for Mauna Loa [Kurz and Kammer, 1991; Kurz et al., 1995; DePaolo et al., 2001 ] on a timescale similar to the Mauna Kea HSDP2 data. The Mauna Loa samples younger than 30 Ka are radiocarbon dated [Kurz and Kammer, 1991] , and ages for the older samples are assigned absolute ages using the age model of Stolper and DePaolo [1996; see DePaolo et al., 2001] . At Mauna Loa, the transition from high to low 3 He/ 4
He ratios took place fairly recently, in a single step roughly 10 Ka before present [Kurz and Kammer, 1991] . As illustrated in Figure 9 , prior to that time the Figure 9 . Helium isotopic variations with age in the Mauna Kea HSDP2 core (right, this paper) compared to those of Mauna Loa (left, from Kurz et al. [1996] ). In both panels the red dashed lines shows the 3 He/ 4 He ratios were uniformly higher than 14.5 Ra, with few excursions, for roughly 200 Ka. There are significant uncertainties in the age assignments for the older Mauna Loa lavas from different parts of the volcano (i.e., those older than the radiocarbon dating).
[30] The Mauna Loa stratigraphic section is based on a combination of surficial, submarine, and HSDP1 flows, and is not as long, or well resolved, as the Mauna Kea HSDP2 section. However, the Mauna Loa temporal record differs markedly from Mauna Kea in having constant and relatively high 3 He/ 4 He ratios for most of its history. There are no other detailed stratigraphic/geochemical records with which to compare, but this fundamental difference between Mauna Loa and Mauna Kea may reflect proximity to the plume center, and the geometry of the Loa and Kea volcanic chains, as discussed further below. ''baseline'' 3 He/ 4 He ratios increase with depth. As illustrated by Figure 10 , the spike duration varies between 2.8 and 30 Ka. Three of the spikes are found in putatively intrusive units, and three are defined by single lava flows, which makes the spike duration a questionable concept in these cases. Excluding the intrusive units and single lava flows, the average spike duration is 15 (±9) Ka. We emphasize the uncertainties in the age model particularly for such short duration events.
Duration of the Helium Spikes
[32] Despite the uncertainties in the age model, the durations of these geochemical changes can place constraints on magma reservoir sizes and magma chamber residence times. A large and long-lived magma chamber would homogenize the geochemical variations observed here, and the HSDP2 data are therefore inconsistent with large, long-lived, magma chambers beneath Mauna Kea prior to 380 Ka. Note that most of the geochemical variations are observed in the HSDP2 submarine sections, so it is possible that the magma chamber size changed as Mauna Kea evolved, with smaller more ephemeral chambers beneath early Mauna Kea. Geochemical variations between historical lavas at Kilauea also suggest a small magma chamber Garcia, 1999a, 1999b] . The duration of the HSDP2 Mauna Kea variations is also very short, although the time-scale resolution is not adequate to directly compare with Kilauea the neighboring volcano.
Time Series
[33] The relatively dense geochemical sampling of lava flows from Mauna Kea and the availability of an age model make it possible to use time series methods to quantitatively evaluate temporal variability. To investigate the relationships between helium isotopes and other geochemical variations, we estimated the coherence between the reconstructed time series. Coherence is a standard measure of dependence between time series [Priestley, 1981] . It is based on the representation of a time series as a weighted integral of sinusoids of different frequency. For a fixed frequency w, the coherence can be interpreted as the correlation coefficient between the random weights in this integral representation of the two time series at this frequency. Because coherence does not account for phase differences that can give rise to negative cross-correlations between the original time series, it is constrained to lie between 0 and 1.
[34] The estimation of coherence from regularly spaced time series is discussed in many time series texts [e.g., Priestley, 1981] . In the case of the HSDP2 core, the reconstructed time series are not regularly spaced and an alternative approach to estimation is needed. Here, we adapt the approach of Chan et al. [1998] for the estimation of the spectral density of a single time series from irregularly spaced observations. Consider an irregularly spaced time series X t 1 , X t 2 , . . ., X t n where X t k is the value of the time series at time t k and define the quantities:
X tk cos w t k ð Þ t k À t kÀ1 ð Þ ð1Þ
X tk sin w t k ð Þ t k À t kÀ1 ð Þ ð 2Þ lation in Figure 6 , Pb and He have coherence >0.6 over a wide range of frequencies, which suggests a common trend over the whole timescale, possibly dominated by the low frequencies. In contrast, there is only coherence at low frequency between He and Zr/Nb for the whole core, probably reflecting the shallow trend; the peak at 0.25 corresponds to a wavelength of 25 Ka (period = 2p/f). However, when the submarine section is isolated there is strong coherence at frequencies 2 and 2.8 for helium, Pb, Zr/Nb, and SiO 2 , which translates to periods of 3.1 and 2.2 Ka. Figure 11 therefore shows there is both long and short wavelength coherence between helium and the other elements.
[37] Because of the uncertainties in the timescale, and the sparse data, this is only a preliminary examination of the data using time series methods. This treatment differs from the univariate spectral analysis of Blichert-Toft et al. [2003] and Eisele et al. [2003] in examining the coherence between the time series. We do not present the univariate periodograms here because they are similar to those reported by Blichert-Toft et al. [2003] and Eisele et al. [2003] with slight differences due to scaling. However, the time series analysis suggests that helium and the other elements are influenced by common underlying physical processes over some frequency ranges. Even though the resolution of the timescale is not adequate at the shortest timescale (i.e., at the 2-3 Ka resolution), there is clearly coherence that reflects the rapid geochemical variability in the submarine HSDP2 Mauna Kea lavas, and demonstrates that helium is strongly coupled to the other elements. Kurz and Kammer, 1991; Lassiter and Hauri, 1998; Mukhopadhyay et al., 2003] . The possible components include recycled materials (such as lithosphere, oceanic crust, and altered oceanic crust, and sediments), depleted ambient mantle, and a possible undegassed mantle reservoir. As mentioned above, the undegassed component is not required to explain most of the isotopic variability (e.g., Sr-Nd-Hf-Pb-Os) but remains a plausible explanation for very high 3 He/ 4 He ratios. Although most of the lavas from the Mauna Kea HSDP2 section have higher 3 He/ 4 He ratios than MORB (i.e., 8-14 Ra) the other isotopic characteristics are not consistent with a primitive undepleted reservoir. In particular, the isotopic, major, and trace element data have been used to argue that Kea (and Koolau) components of Hawaiian volcanism are derived from recycled materials [Lassiter et al., 1998; Hauri, 1996] . In the cartoon, the outer (lighter colored) upwelling material is distinct from the plume center and is assumed to represent recycled material entrained into the plume.
[50] There are other plausible models for the plume geometry [e.g., Frey and Rhodes, 1993; BlichertToft et al., 2003; Eisele et al., 2003 ] and as mentioned above, Figure 12 is an oversimplification. Ihinger [1995] has suggested that the geochemical differences between adjacent volcanoes, as well as the existence of the Loa and Kea chains of volcanos, can be explained by the motion of discrete plumelets in a convecting mantle, coupled with the trajectory of each plumelet as it impinges on the moving lithosphere. This model would require that Mauna Kea and Mauna Loa are derived from distinct plumelets, each with distinct geochemistry. The model in Figure 12 is preferred because it allows convergence of geochemical signatures (e.g., as implied by Figures 5 and 6) , and explicitly includes a small and episodic contribution from the plume center as required by the older Mauna Kea lavas. It is clear that the plume flux is not uniform in space or time, and the model is intended to highlight and illustrate the key observations and hypotheses derived from the helium data. Most importantly, Mauna Loa is assumed to be closer to the plume center, and the Mauna Kea helium spikes are of limited duration but are assumed to derive from the plume center. strate that helium is coupled to the magmatic geochemistry (e.g., Figures 3-8) ; this precludes any purely diffusive mechanism for the major helium isotopic variations, such as Rayleigh fractionation. Additionally, there is no relationship between helium concentration and isotopic composition, which argues strongly against any Rayleigh fractionation process. Although we emphasize that the olivine grain size helium isotopic variations are small relative to the overall variations, grain size is clearly an important variable in helium isotopic studies and should be documented.
